The aim of this paper is to present a review and discussion of the current status of stem cell research with regard to tooth generation.
Introduction
In general, human dental tissues have a limited potential to regenerate. However, recent progress in stem cell research and in tissue engineering promises novel prospects for dental tissue regeneration in future dental practice ( Figure 1 ). 1, 2 Stem cells are generally defined as clonogenic cells capable of both self-renewal and multilineage differentiation 3 since they are thought to be undifferentiated cells with varying degrees of potency and plasticity. 4 There are basically two types of stem cells as follows: 3, 5, 6, 7 • Embryonic stem cells, located within the inner cell mass of the blastocyst stage of development.
• Post-natal stem cells that have been isolated from various tissues including bone marrow, neural tissue, skin, dental pulp, and the periodontal ligament.
The use of embryonic stem cells generates many ethical concerns regarding the consumption of blastocystes. 8 This makes post-natal stem cells a more feasible approach for translation into clinical dental practice. 5 The majority of craniofacial structures derive from mesenchymal cells which in turn are originated from the neural crest. During development these cells migrate, differentiate, and participate in the morphogenesis of all craniofacial structures (bone, cartilage, musculature, ligaments, teeth, and periodontum) working synergistically with mesodermal cells. Mesenchymal cells undergo asymmetric division with one offspring cell respect to their expression of various proteins commonly present in the extracellular matrix of bone and dentin, being both able to form calcified deposits in vitro. 10 Microarray analyses of gene expression profiles of DPSCs and BMSCs indicate these two distinct precursor populations have a similar level of gene expression.
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SHEDs when compared to DPSCs have a higher proliferation rate and are able to differentiate into a variety of cell types including neural cells and adipocytes, which might represent a more immature population of multipotent stem cells. 6 PDLSCs also represent a population of multipotent cells and showed potential to form calcified deposits, however, they formed sparse calcifies nodules compared to DPSCs. 4, 7 Finally, expression of various perivascular markers provides clues. DPSCs, SHEDs, and PDLSCs are a population of mesenchymal stem cells and likely located in the perivacular niche within the pulp. 7, 12 Tissue engineering is an emerging and multidisciplinary field with the potential of differentiating toward an end-stage cell while the other one replicates into an offspring mesenchymal cell, keeping its stem cell status. 3 Residual mesenchymal cells upon completion of morphogenesis continue to reside inside various tissues and are called mesenchymal stem cells. In the adult those cells maintain physiologically necessary tissue turnover and, after injury or disease, differentiate and launch tissue regeneration. 9 It has been demonstrated stem cells are present within the pulp tissue of deciduous teeth (Stem Cells from Human Exfoliated Decíduous teeth -SHED), 6 permanent teeth (Dental Pulp Stem Cells -DPSCs) ( Figure  2 ), 10 and in the periodontal ligament (Periodontal Ligament Stem Cells -PDLSCs). 7 To determine the existence of DPSCs, previously developed applied methodology was used for the isolation and characterization of bone marrow stromal cells (BMSCs) and pluripotent postnatal stem cells. DPSCs were characterized as a clonogenic and highly proliferative stem cell. 10 Despite the different location in situ of DPSCs and (BMSCs) they share many similarities with have successfully created a number of simple tissues but have not been successful in creating complex structures with specialized functions. 5 The inability to develop a microvascular network to support the engineered structure could account for this lack of success. 27 Vascularization is important to enable cell viability during tissue growth, induce structural organization, and promote integration upon implantation.
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Reconstruction of Dental and Craniofacial Structures
The new knowledge in tissue engineering and in molecular biology has amplified the possibilities of potential development of new biological therapies such as dental pulp capping and new methods to treat the dental root and periodontal diseases. 23 In direct pulp capped teeth, a bridge of dentin is formed as a result of the recruitment and proliferation of undifferentiated pulp cells in response to the stimulus provoked by the calcium hydroxide. This strategy using calcium hydroxide has been used for many years in "dental tissue engineering". Once differentiated and organized the cells synthesize the extracellular matrix which, in turn, will undergo mineralization. Studies in mice have shown bioactive molecules present in the extracellular matrix induce the formation of a dentin bridge or a wide mineralized area in the coronal pulp. 29 BMP is a protein which is included in the dental development, especially BMP-2 designing and constructing tissues or organs in order to restore their function or even completely replace them. [13] [14] [15] [16] [17] [18] Tissue engineering is based on principles of molecular developmental biology governed by bioengineering. [13] [14] [15] 18 The three main components for morphogenesis and tissue engineering are: inductive signals, responding cells, and a scaffold (Figure 3 ). 14, 15, 19, 20 Pulp-like tissue could be engineered in vitro, using DPSCs seeded into synthetic matrices made with polyglycolic acid. 21, 22 Biological scaffolds such as collagen and glycosaminoglycan could also be used and Bone Morphogenetic Proteins (BMPs) are considered major morphogenes for tooth regeneration. 15, 23 In a review on tissue engineering, Nakashima and Akamine 15 emphasized that despite the significant progress in this area, numerous challenges still remain including neural and vascular regeneration. BMPs seem to have a pronounced effect on neurogenesis. 24 As a result, BMPs used for regenerative pulp therapy could have concurrent beneficial effects on nerve regeneration. 14, 15 In addition, Vascular Endothelial Growth Factor (VEGF), which is used therapeutically to induce tissue neovascularization, is a potent inducer of endothelial cell survival and differentiation of new blood vessels. 25, 26 Currently, most approaches bone walls, representing another step toward periodontal regeneration.
A limiting factor for the success of tissue engineering is the availability of rapid and effective vascularization to provide nutrients to the cells and maintenance of the newly created tissue. 35 Cordeiro et al. 35, 36 in a recent study investigated the possibility of engineering a vascularized functional pulp-like tissue. Biodegradable scaffolds were prepared inside the pulp cavity of tooth slices. SHED alone, or associated with Human Dermal Microvalcular Endolthelial cells (HDMEC), were seeded in the scaffold and subsequently implanted in immunodeficient mice. The engineered tissue presented cellularity, morphology, and gene expression resembling regular dental pulp with functional blood vessels. When SHED and HDMEC were co-implanted, the tissue obtained showed a higher level of organization although the presence of blood vessels were observed even in a SHED implantation only group. This can be explained by the capability of SHED cells to differentiate into endothelial cells. However, when both cell types were associated, the HDMEC cells could have rapidly formed blood vessels because they are end-stage cells. This could have guaranteed nutrients and cell survival from the initiation of tissue development. Cordeiro et al. 35 demonstrated the feasibility of engineering a human dental pulp-like tissue using human SHEDs and primary human endothelial cells.
Progress in bone tissue engineering and cell culture techniques can also give rise to a new approach to reconstruction of bone defects or bone fractures. 37 Studies involving bone regeneration in vitro are limited by the difficulty to obtain a cytotype capable of forming a complete tissue. DPSCs seem to be better candidates for the study of bone formation than bone marrow stem cells, due to their high proliferation rate and efficiency in producing bone chips. 8 In a recent study, DPSCs gave rise to osteoblasts and endotheliocytes, and eventually to bone containing vessels capable of forming an adult bone tissue after transplantation in vivo. 38 Currently mandibles with major discontinuities are repaired with autologous vascularized fibula or an iliac crest. However, this technique always creates another skeletal defect which is a major disadvantage. 39 Conejero et al. 40 demonstrated bone defects in the palate of mice type. They induce the formation of a significant amount of reparative dentin on the amputated pulp, suggesting BMPs can actually regulate the differentiation of pulp cells into odontoblasts and stimulate the formation of reparative dentin. 19, 23 In addition to BMP-2 other growth factors like TGF-β1, TGF-β3, and IGF-1 have been reported as being responsible for the signaling of progenitor cell differentiation into odontoblasts. 6, 29 Batouli et al. 30 demonstrated the capacity of dental pulp stem cells to form a dentin pulp-like complex by transplanting them in immunocompromised mice. After 16 weeks, the pulp-like tissue contained a fibrous connective tissue, blood vessels, and odontoblasts associated with newly formed dentin indicating the possibility of using those stem cells for the repair of injured dental structures. It is still unknown which signals are required for the differentiation of cells that compose the dental pulp and how such signals should be spatially distributed in a timely manner represents a potential challenge to engineering a dental pulp. 25 Therapies involving stem cells also hold promise for the treatment of periodontal disease. Recent studies revealed the presence of progenitor cells in the dental follicle, which can contribute to the formation of periodontal tissues (including cementum and the periodontal ligament) and odontoblasts. 31 Kramer et al. 32 conducted an in vitro study to determine the potential of mesenchymal stem cells and progenitor cells from the periodontal ligament (PDL) tissue to produce different types of oral tissues as well as the possibility of repairing sequels caused by oral diseases. They demonstrated PDL-like tissue can be developed from periodontal progenitor cells and from mesenchymal stem cells in contact with either PDL factors or the tissue itself. This finding emphasizes the possibility of a clinical application of stem cells for repair and regeneration. Saito et al. 31 suggested the use of BMP-2 as promoter for the differentiation of progenitor cells from the dental follicle into cementoblasts and odontoblasts in order to re-establish the integrity of the PDL. 33 A recent study by Marei et al. 34 demonstrated the implantation of an engineered porous scaffold seeded with bone marrow stem cells in a socket created by the extraction of the lower left central incisor in rabbits can preserve the alveolar into coronal tooth shapes with associated bone and soft tissues. That discovery suggests dental tissues could be developed even in the absence of pure populations of stem cells. This finding could prove valuable in the future in the application of those procedures in humans. However, the clear formation of a tooth was only observed when the epithelium came from an embryonic source and the populations of mesenchyme cells possessed at least some stem cells. 10, 42 Until now, there has been no demonstration of development of a complete dental organ at its normal location in the adult body following transplantation of an embryonic primordium. However, Ohazama et al. 44 have shown the transfer of an embryonic primordium into the jaw of an adult mouse results in the complete development of a tooth attached to the bone by a soft tissue in with a proper orientation and appropriate size for the mouse.
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Conclusion
The scientific community understands the need for more investigations to completely understand the conditions that would best favor the creation of a tooth substitute. Recent gains in understanding the molecular regulation of tooth morphogenesis, stem cell biology, and biotechnology offers the opportunity to realize this goal.
One of the next critical steps is to apply the knowledge of molecular regulation of tooth morphogenesis to manipulate adult stem cells. Scaffold characteristics such as porosity, degradation rate, and surface chemistry among other parameters have to be carefully considered and controlled for application to tooth regeneration. Angiogenesis is also crucial in the development of successful tissue engineering application for it supplies the cells with oxygen and nutrients. A need for the development and characterization of a means to induce angiogenesis remains. Another concern of researchers is convenient access to effective cellular material that is harvested from the patient in order to eliminate immunological rejections. Using harvested cells from the patient a tooth created through tissue engineering 11 could potentially serve as a substitute for their natural tooth since the size, form, and color of the tooth are determined genetically. can be repaired with success using osteogenically differentiated fat-derived stem cells. Another study proved formation of heterotopic bone for a mandible replacement in a human is possible using a titanium scaffold (based on an ideal virtual replacement of the missing part of the mandible) filled with bone mineral blocks, recombinant human BMP7, and bone marrow. 39 Alhadlaq et al. 41 demonstrated the possibility of developing a chondrogenic and osteogenic layered humanshaped articular condyle using bone marrow mesenchymal stem cells encapsulated in a biocompatible poly(ethylene glycol)-based hydrogel and implanted subcutaneously in the dorsum of rats. Those studies showed post-natal stem cells could be useful in the reconstruction of bone defects in the craniofacial and dentoalveolar area.
Formation of Complex Dental Structures
Young et al. 43 were successful in forming a complex dental structure for the first time using porcine third molars to obtain a heterogeneous mixture of dental enamel epithelium and pulp mesenchymal cells. 9 Tooth-shaped scaffolds were created using biodegradable polymers into which the cellular mixtures were seeded then involved in omentum, a material rich in blood vessels to supply the developing tooth tissues with nutrients and oxygen. Subsequently, the surgical implantation of the complex was made in a host mouse. After 20 to 30 weeks, toothlike structures were visible within the confines of the original scaffolds. Their shape and tissue organization resembled the crowns of natural teeth. It was possible to recognize the presence of dentin, odontoblasts, a well-defined pulp chamber, putative Hertwig's root sheath epithelia, putative cementoblasts, and a morphologically correct enamel organ containing fully formed enamel. However, the bioengineered teeth were small and they did not adjust to the size and the form of the biodegradable scaffold. 42 Ohazama et al. 44 using mice proved the recombination of mesenchyme (created in vitro through the aggregation of cultured non-dental stem cells which express odontogenic genes and embryonic oral epithelium) stimulated an odontogenic response in the mesenchyme. When those embryonic tooth primordia were transferred into a renal capsule, they developed
Clinical Significance
These findings, combined with the recent progress in stem cell research and tissue engineering, might allow the development of alternatives for current materials and therapies used to treat tooth tissue loss (e.g., enamel, dentin, pulp), reconstruct dentoalveolar and craniofacial bone defects, and eventually replace an entire tooth.
Despite the grandiosity of recent discoveries in the field of tissue engineering, more questions than answers exist. The enthusiasm accompanying scientific findings that raise the possibilities of a "custom tooth produced to order" using non-dental autologous cells or creating an in vitro primordium tooth for transplantation with the intention of replacing a lost tooth must be tempered since there are many more studies to be done to answer the questions that remain.
